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Table 1 Summary of experimental data on ion conductivity and permeability coefficients of different membrane materials

E AT JEE A 46 IEC TR BERBETFHEEFE/(mScecm ) BBERE/ (em® cs) 3L
Nafion 212 3 mol/L. KOH 2.2~2.6 — [4]
Nafion 212 3 mol/L H, SO, 26.5 VO .8, 81X10°7 [46]
SPEEK 1.86 3 mol/I. KOH 11.7~17. 8 — [4]
MS-PBI 3 mol/L H,SO, 65 VO .7.85X10°¢ [39]
- - _ 9
OB i QPPO 2. 62 1 mol/L NaCl 37.7~42.6 TMAP 'I:EMPO;& 38X 120 [68]
SPPO 1.5 1 mol/L. KOH 76.9 K,[Fe(CN)s ]:2.50X10 [68]
QPFPAE-100 2.46 3 mol/L NaCl 55.9 MV?" .8, 63X1071° [41]
QTPDA 2.68 1 mol/L NaCl 22.98 MV, 3.85X1071 [42]
PTP-BS 3 mol/L H. SO, — VO 5.3 X 1077 [45]
SPTIP/PFNP 3 mol/L. H, SO, 27.9 VO 3,52 X 1078 [46]
1P2-0. 15 3 mol/L. H, SO, 269 VO!* :4.40 X 10°°¢ [48]
cPIM-Et 1 mol/L KClI 38 K, [Fe(CN)s]:2.8 X 107" [51]
cPIM-Ph 1 mol/L. KCI 14 Ki[Fe(CN)s]:4.0 X 107" [51]
LI A . . _
SCTF-BP 1 mol/L. KOH 30 K, [Fe(CN)g]: 9.35 X 1071 [27]
h-ZN 3 mol/L H,SO, 80. 1 — [57]
TAPT-CC 3 mol/L H,SO, 43.3 VO :1.75X107° [61]
HC-QPPO 1 mol/L NaCl 23.6 TMAP-TEMPO: 3. 40X 10 "1 [66]
WL E

b—DPM-N3 2 mol/L KCl 19 BTMAP-Vi.1.06 X 10" [67]




523

BSOS IR R R DAY A i R S * 205 +

4 ik

PR R I YR T FEL Tt S 00 1 20K K IS i B 1Y) OC
YA, FLPE AR 5 AR T 52 R 0 PR R S AR
ARG T MEGE TR 2L 15 =
Ji A LU IR A I TCHLIEE AT Z R AL R B9
HEJE AR TS R A R S
THOZER Z R R

R SEEL R B R R R R R R
PE? I H bR AR RP A AR R S5 M 11 S %
PLEAY 25 S Rt 4% AR . B S8 3 At
HAHAH 43 85 T2 B 9 7K 38 38 A1 Donnan B faf HE S5 2L
N s 226 B 15 S DU 2 1) FL AR 07 A AL 3 2o 9 42
FLIE S5 PR SE B Bt HoAR 2L M T
T L fr IR R T SRR A Y 3k B
B9 B ELALER A W B R R 2 g RS 3 —
B REA AL (<2 nm) & 2835+, iff COF,MOF 4§
o R (1) J - 2 A LB A IS BB R 1) 2 1%
SRR SR T BRARARY e Ah, R
A48 JEE UL 1 5457 24, D)3 T s ok k5 9
BH B 52 45 D R B D3 ] G L -5 F0RE 0 125 P il 3
KGRI PO S BRI, 8 A 1
VAR B FLIE 548 D g 3 A1 5 B PR BT v A 0T
iy B8 1% R Sk Z (A1) Trade— of {720 - #E
Sl F R A R N R IR R R ) < HE PR

IR LM BHHE LS H R e L4 AR, B
FEW DT L R B R 0 0 P s (H AR
N, FH A7 7 T S v A S B R 2 o) A, H
Hh, PR OGRS ) R A < B8 4% 538 1 1RG0
P2 S S RE W 014540 - B it - ez
() 79 5 3R 5 A2 S AU R 1 5 R T AR il 4 19 T 42
EE I SEPRR I L LR R S B RS . R
Rl BN RS Y Z AL S5 A2 5 0 )Y
PEBR 7% B A% T 2ok AR RS B T 5 TS A
A FAEALIE AHNEPE S 628 T 200 29 HARE AL 1
s B BAELR A W A 25 KA ot 5 FLIE R e 1
T AT AL . A AR R SRR SRR A BT
T AR PR S R I AT SR SR R R R
ENYTi0F e

FEF IR ICHERL 2 ], 2R R W H Tt B A )
1) & ] REEFLUT LA JT 1A«

D MBS G IGPRRE ) PR AR LI F0“ FpE

B R AL 2 2 (ML) T R A 9 5 F 4544
JBEFLAR 23 A 5 fL 9 A% AT s il i o 1 3h ) o
(M) LA B 5318 3 45 F S 5 » 5 Ak 73 B
eptidfe. BT EA MBRAIRE, A7 L a5
WOE SEn// DIt NG €k I/ A DGR e o e 12
SEEAT GG RS R B SR S P RE R
SR L Tt R 0 39 e B B D RE AR HE R

2) ZRIZRALFRAR I S B AR Z R
JEE S, AL A AT I A W) i e e o A S ML
SENIOW 3 78 B % A% T ) 22 ROBE ARSI L 415 S5 37 4
BHOBCTTE 0 42 H BT R A2 1 B b o) B 3R

3) IS H 2 il w8 BT AR MUASAL i 7 - A B
i P R AC T FRVE R A A et 1 25 7 1% S I M S B
2 1) B R TS T ] 25 14 1568 e ke DR T AR il
i fE b o B R AW TR AR B — A
FE R TTRR T HRE R B S5 XA

4) gt ARAAS B SR BT S U R HAT
ZROR GV B IO ) o5 1 A B 2L ) B
A B S BC A RO R K s T e
iR R AT ALV TR A5 F o A ] 95 BEAFE 55 L R 10 o 2
SRR AL R T A (0 RS CREFED A9 5 L %
A28 o [ IRF T R 6 TSR0 9K 2l 14 v il o 0 16 07 vk T
ERAAS B 0 R S RS W e B

S 3k

[1] Emmel D, Kunz S, Blume N, et al/. Benchmarking
organic active materials for aqueous redox flow batteries
in terms of lifetime and cost[ J]. Nat Commun, 2023,
14(1) . 6672.

[2] Li X, Zhang H, Mai Z, et al. Ion exchange membranes
for vanadium redox flow battery ( VRB) applications
[J]. Energy Environ Sci, 2011, 4(4).: 1147.

[3] Wong T, Yang Y, Tan R, et al. Sulfonated poly
( ether-ether-ketone )  membranes with intrinsic
microporosity enable efficient redox flow batteries for
energy storage[ ] |. Joule, 2025, 9(2). 101795.

[4] Yuan Z, Liang L, Dai Q, et al. Low-cost hydrocarbon
membrane enables commercial-scale flow batteries for
long-duration energy storagel[ ]J]. Joule, 2022, 6(4);
884-905.

[5] LiuJ, Wang S, Chen H, ez al. Construction of ion-
accessible regions within hydrophobic membranes for
methylene blue-based flow batteries[ J]. Ind Eng Chem
Res, 2025, 64(43) . 20706-20715.



206 « WA

o
==

5 #

P o5 A6 %

[6]

7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

Yuan Z, Li X, Hu J, et al. Degradation mechanism of
sulfonated poly (ether ether ketone) (SPEEK) ion
exchange membranes under vanadium flow battery
medium[ J]. Phys Chem Chem Phys, 2014, 16(37):
19841-19847.

Zhang H, Zhang H, Li X, er al. Nanofiltration (NF)
membranes: the next generation separators for all
vanadium redox flow batteries (VRBs)? [J]. Energy
Environ Sci, 2011, 4(5). 1676.
Zhu Q, Li H, Wu W, et al.
amorphous
applications[ J ]. Prog Polym Sci, 2023, 137: 101636.
Tan K T, Ghosh S, Wang Z, et al. Covalent organic
frameworks[ J ]. Nat Rev Methods Prim, 2023, 3(1). 1.
Schmidt-Rohr K, Chen Q. Parallel cylindrical water
nanochannels in Nafion fuel-cell membranes[]J]. Nat
Mater, 2008, 7(1). 75-83.

Zheng W, He L, Tang T, Poly
(dibenzothiophene-terphenyl piperidinium) for high-

Solution-processable

microporous polymers for membrane

et al.

performance anion exchange membrane water
electrolysis[J]. Angew Chem Int Ed, 2024, 63(34):
€202405738.

Mauritz K A, Moore R B. State of understanding of
Nafion[ J]. Chem Rev, 2004, 104(10): 4535-4586.
Yuan Z, Li X, Duan Y, Highly stable

membranes based on sulfonated fluorinated poly (ether

et al.

ether ketone) s with bifunctional groups for vanadium
flow battery application[ J]. Polym Chem, 2015, 6
(30): 5385-5392.
Dai Q, Zhao Z,

membranes for

Shi M,

flow batteries:

et al. Jon conductive

Design and ions
transport mechanism[J]. ] Membr Sci, 2021, 632
119355.
Raidongia K,
through reconstructed layered materials[J]. J Am
Chem Soc, 2012, 134(40): 16528-16531.

Koros W J, Zhang C. Materials for next-generation

Huang J. Nanofluidic ion transport

molecularly selective synthetic membranes [ J]. Nat
Mater, 2017, 16(3). 289-297.

Zuo P,
membranes with microporosity for aqueous redox flow
batteries [ J . ChemSusChem, 2025, 18 (11):
€202402562.

Makrygianni M, Aivali S, Xia Y, etal. Polyisatin derived

blend membranes

Xu T. Constructing hydrophilic polymer

ion-solvating for alkaline water

electrolysisJ]. J Membr Sci, 2023, 669; 121331.
Kraglund M R, Aili D, Jankova K, et al. Zero-gap

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

alkaline water electrolysis using ion-solvating polymer
electrolyte membranes at reduced KOH concentrations
[J]. J Electrochem Soc, 2016, 163 (11). F3125-
F3131.

Yuan Z, Zhu X, Li M, et al. A highly ion-selective
zeolite flake layer on porous membranes for flow
battery applications[ J ]. Angew Chem Int Ed, 2016,
55(9): 3058-3062.

Lu J, Hu X, Ung K M,
frameworks as a subnanometer platform for ion-ion
selectivity[ J]. Acc Mater Res, 2022, 3(7). 735-747.
Li T, Peng R, Zhang T, et al. A numerical study on

et al. Metal-organic

desalination performance enhancement by bipolar ionic
diode nanochannels [ J ]. Desalination. 2023, 566
116898.

Yeh H, Wang M, Chang C, et al/. Fundamentals and
meling of eectrokinetic tansport in nnochannels[ J . Isr
J Chem, 2014, 54(11/12): 1533-1555.
Abrishami S, Xiao H, Asadnia M, er al.
advances in the design principles of lithium selective
membranes[ ] |. Water Res, 2025, 283: 123724.

Joshi R K, Carbone P, Wang F C, et al. Precise and
ultrafast molecular sieving through graphene oxide
membranes| ] ]. Science, 2014, 343(6172). 752-754.
Zhou X, Wang Z, Epsztein R, ez al. Intrapore energy

Recent

barriers ion and selectivity of
desalination membranes[ J]. Sci Adv, 2020, 6(48);
eabd9045.

Zuo P, Ye C, Jiao Z. et al.
transport within triazine framework membranes|[ ] ].
Nature, 2023, 617(7960); 299-305.

Zhu Z, Qu X, Dong F, et al. Chemically synergistic

govern transport

Near-frictionless ion

subnanometer-pore membrane with high ion selectivity
and conductivity for flow battery[J]. J Membr Sci,
2026, 742, 125129.

He G, Yu R, Xu H, et al. Synthetic membranes for
aqueous organic redox flow batteries ( AORFBs ).
Towards high conductive and selective ITon channels
[1]. Chem Eur J. 2025, 31(57): e02116.

Agmon N, Bakker H J, Campen R K, er al. Protons
and hydroxide ions in squeous systems[ ] ]. Chem Rev,
2016, 116(13) . 7642-7672.

Sorte E G, Paren B A, Rodriguez C G, et al. Impact
of hydration and sulfonation on the morphology and
ionic conductivity of sulfonated poly ( phenylene )
proton exchange membranes [ J]. Macromolecules,

2019, 52(3): 857-876.



523

BSOS IR R R DAY A i R S

+ 207 «

[32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Yaroslavtsev Perfluorinated

A B
membranes| J]. Polym Sci Ser A, 2013, 55(11); 674~
698.

Halim J. Biichi F N, Haas O, et al. Characterization

of perfluorosulfonic acid membranes by conductivity

ion-exchange

measurements and small-angle X-ray scattering [ J ].
Electrochim Acta, 1994, 39(8/9): 1303-1307.

Hu J, Zhang H, Xu W. et al.
transfer behavior of ions in Nafion membranes under
alkaline media[ J|. ] Membr Sci, 2018, 566. 8-14.
Qian P, Zhou W, Zhang Y, et al.

perspectives of sulfonated poly (ether ether ketone)

Mechanism and

Review and

proton exchange membrane for vanadium flow batteries
[J]. Energy Fuels, 2023, 37(23). 17681-17707.
Kreuer K D. On the development of proton conducting
polymer membranes for hydrogen and methanol fuel
cells[J]. J Membr Sci, 2001, 185(1): 29-39.

XiJ, LiZ, YuL, etal. Effect of degree of sulfonation
and casting solvent on sulfonated poly (ether ether
ketone) membrane for vanadium redox flow battery
[J]. J Power Sources, 2015, 285: 195-204.

Dai Q, Xing F, Liu X, et al. High-performance PBI
membranes for flow batteries; From the transport
mechanism to the pilot plant[J]. Energy Environ Sci,
2022, 15(4) . 1594-1600.

Bui T T, Shin M, Abbas S, ez al. Sulfonated para -
polybenzimidazole membranes for use in vanadium
redox flow batteries[ ] ]. Adv Energy Mater, 2025, 15
(25): 2401375,

Shanahan B, Britton B, Belletti A, et al. Performance
and stability comparison of Aemion™ and Aemion+™
membranes for vanadium redox flow batteries[ J]. RSC
Adv, 2021, 11(22): 13077-13084.

Xiao Y, Hu L, Gao L, et al. Enabling high anion-
high-

performance neutral organic based aqueous redox flow

selective  conductivity in  membrane for
battery by microstructure design[J]. Chem Eng J,
2022, 432 134268.

Chen S, Peng K, Zou W, et al. 7 —x interaction
engineered membranes for pH-neutral aqueous organic
redox flow batteries [ J]. Adv Funct Mater, 2025;
e28708.

Wang Q. Zhang Z, Lyu P. et al.

pyridine )

Poly ( terphenyl

based amphoteric and anion exchange
membranes with high ionic selectivity for vanadium
redox flow batteries[ J]. Chem Eng J, 2025, 505;

158922.

[44]

[45]

[46]

[47]

[48]

[49]

[51]

[52]

[53]

[55]

Liu A, Chen K, Li J, et al.
sulfonated poly ( biphenyl pyridinium )

Highly ion-selective
zwitterionic
membranes for vanadium redox flow batteries[ J]. J
Membr Sci, 2025, 733: 124315.

Yang J, Peng Z, Tang W, et al. Enhanced vanadium
redox flow battery performance with new amphoteric
ion exchange membranes [ J ]. Macromol Rapid
Commun, 2024, 45(22). 2400477,

Ban T, Xu'Y, Shen K, ezal. Functional integration in
tailored polymers enables zwitterionic membranes with
selective ion transport and enhanced stability[ J]. Adv
Funct Mater, 2025: e17813.

Ban T, Xu Y, Shen K, er al. The porous membrane
with tunable performance for vanadium flow battery:
The effect of charge[J]. J Power Sources, 2017, 342.
327-334.

Dai Q, Lu W, Zhao Y, et al. Thin-film composite
membrane breaking the trade-off between conductivity
and selectivity for a flow battery[]J]. Nat Commun,
2020, 11(1). 13.

Liu X, Shi M, Liao C, er al. Ultrathin membranes
prepared through interfacial polymer cross-linking for
selective and fast ion transport[J]. Nat Chem Eng,
2025, 2(6): 369-378.

Huang Y, Liao C, Song Q. et al. Chemically cross-
linked polybenzimidazole membranes with ion-
conductive sub-nanometer channels for zinc-iron flow
batteries[ ] ]. Angew Chem Int Ed, 2025, 64 (37).
e202511744.

Wang A, Breakwell C, Foglia F, et al. Selective ion
transport through hydrated micropores in polymer
membranes| ] ]. Nature, 2024, 635(8038): 353-358.
Chen K, Tang X, Jia B, et al. Graphene oxide bulk
material reinforced by heterophase platelets with
multiscale interface crosslinking[ J|. Nat Mater, 2022,
21(10): 1121-1129.

Algara-Siller G, Lehtinen O, Wang F C, et al. Square
ice in graphene nanocapillaries[ J]. Nature, 2015, 519
(7544) . 443-445,

Gopinadhan K, Hu S, Esfandiar A, et al. Complete
steric exclusion of ions and proton transport through
confined monolayer water [ J]. Science, 2019, 363
(6423): 145-148.

LiJ, Tang X, Zhi L, et al. Highly OH™ conductive
membranes enabled by 2D-hydrogen bonding networks
within layered confined nanofluidic channels[J]. ] Am

Chem Soc, 2025, 147(41). 37176-37185.



. 208 + R o 5 R 546 45

[56] Dai Q, Lu W, Zhao Y, et al. Advanced scalable 56049-56059.
zeolite “ions-sieving” composite membranes with high [63] Sharp C H, Bukowski B C, Li H, et al. Nanoconfinement
selectivity[ J]. ] Membr Sci, 2020, 595; 1175609. and mass transport in metal-organic frameworks [ J .
[57] Xia Y, Cao H, Xu F, et al. Polymeric membranes Chem Soc Rev, 2021, 50(20): 11530-11558.
with aligned zeolite nanosheets for sustainable energy [64] Chen Z, Lu C, Yang Z, et al. Quantifying effective
storage[ J . Nat Sustain, 2022, 5(12); 1080-1091. dehydrated ion sizes based on pore-ion steric properties
[58] Hu J, Zhang P, Wang P, et al. Covalent organic to predict separation selectivity [ ] ]. Angew Chem,
framework composite membrane for long lifespan 2025: e08461.
alkaline zinc-based flow battery [ J]. Chem Eng J, [65] Zhang H, Xu W, Song W, et al. High-performance
2025, 525 170123. spiro-branched polymeric membranes for sustainability
597 Liu C, Liu S, Pang B, et al. Ionic cluster as template applications[ J]. Nat Sustain, 2024, 7(7): 910-919.
to confine the in-situ intergrowth of COFs in ion [66] Peng K, Zhang C, Fang J, et al. Constructing
conductive membrane for vanadium redox flow battery microporous ion exchange membranes via simple
[J]. ] Membr Sci, 2026, 740: 124960. hypercrosslinking for pH-neutral aqueous organic
[60] Zhu J, Yuan S, Wang J. et al. Microporous organic redox flow batteries[ J]. Angew Chem Int Ed, 2024,
polymer-based membranes for ultrafast molecular 63(37): €202407372.
separations| J |. Prog Polym Sci, 2020, 110; 101308. [67] HeG H, Li L, Xu H, et al. A polymer membrane
[61] Zhen Y, Xu Z, Cao Q. et al. Self-standing covalent with integrated microphase separation and intrinsic
organic polymer membrane with high stability and microporosity for aqueous organic redox flow batteries
enhanced ion-sieving effect for flow battery[ J]. Angew [J]. Joule, 2025, 9(7): 101976.
Chem Int Ed, 2025, 64(1): e202413046. [68] LiY, Liu Y, Xu Z, et al. Poly (phenylene oxide)-
[62] Bukowski B C, Snurr R Q. Topology-dependent based ion-exchange membranes for aqueous organic
alkane diffusion in zirconium metal-organic frameworks redox flow battery[ ]J]. Ind Eng Chem Res, 2019, 58
[J]. ACS Appl Mater Interfaces, 2020, 12 (50): (25): 10707-10712.

Ion transport behaviors in ion-conducting membranes for flow batteries
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Abstract: Ion-conducting membranes serve as core components that dictate the energy storage performance
and cost of flow batteries. This paper systematically reviews the research progress on ion transport
processes within membranes for flow batteries. Centered on the mechanism of ion transport in membranes,
the ion conduction mechanisms, performance advantages, and challenges of various polymeric and
inorganic membranes were first analyzed, then elaborated on the latest advances in investigating ion
transport mechanisms in microphase-separated channels and micropores (including nanochannels and
subnanochannels) through molecular design, pore structure regulation, combined with multiscale
characterization techniques and theoretical simulation methods. Finally, an outlook on the research and
development of next-generation membrane materials with high ion selectivity, high conductivity, and high

stability was provided.

Key words: flow batteries; membrane; ion transport channel; ion transport behaviors



